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The perovskite-related material, CaCu 3 Ti 4 O 12 ͑CCTO͒, has attracted considerable attention in recent years due to its impressive apparent permittivity value of ϳ10 4 -10 5 at 1 MHz, which remains constant in the temperature range of ϳ100-600 K.
1, 2 The effect has been observed in both single crystals and ceramics. It is not clear if this effect is an intrinsic property of the material or if it can be related to extrinsic effects, e.g., point and extended defects, contaminants, electrical domain boundaries within grains, grain boundaries, surface layers, and non-ohmic electrode contacts. All of these extrinsic effects have been proposed to lead to higher than expected permittivity values in different oxide-based ceramics. [3] [4] [5] Impedance spectroscopy has revealed CCTO ceramics to be electrically heterogeneous and to consist of semiconducting grains and insulating grain boundaries. 6 In this case, the giant permittivity effect in CCTO ceramics has been explained using the well-known internal barrier layer capacitor ͑IBLC͒ model. Although this model works reasonably well for CCTO ceramics, the observation of a giant permittivity effect in CCTO single crystals 2 remains perplexing as grain boundary features should not be present in single crystals. The origin of the effect in single crystals may therefore be related to some other features not observed in the ceramics, e.g., non-ohmic contact, modification of crystal surface composition and/or internal boundary layers associated with defects, twins, dislocations, etc. Furthermore, when the IBLC model is applied to polycrystalline ceramics, the results do not exactly scale with the grain dimension, so other effects should also be included. 7 The question now arises whether the large dielectric response observed in ceramics is due only to an IBLC effect associated with the grain boundaries or whether there is some contribution from defects, inhomogeneities, etc., [8] [9] [10] on a subgranular scale which can also be present in single crystals. In this context, it is important to study and compare the dielectric properties of single grains in addition to those of the grain boundaries. However, to date, such data have not been produced because of the lack of characterization methods with high lateral resolution.
Here, we report on the capabilities of scanning probe microscopy ͑SPM͒-based techniques to study and compare the electrical characteristics within single grains and across grain boundaries. In particular, we demonstrate a new use of scanning capacitance microscopy, namely scanning impedance microscopy ͑SIM͒, to directly image the ceramic microstructure and provide information, with high lateral resolution, on the local electrical properties. By applying a bias between the bottom electrode and the conductive AFM tip which acts, on the sample surface, as a sliding metal contact, it is possible to collect the impedance signal of the nanodevice consisting, in our case, of a tip/CCTO/bottom electrode.
The CCTO ceramic pellets were prepared by the mixed oxide route as described in detail elsewhere. 6 After fabrication, the pellets were polished to eliminate the influence of superficial artifacts in the SPM mapping. Measurements were performed using a back contact, which is obtained by silver paint, which is opposite to the polished surface. Measurements on the nanometer scale were performed by a Digital Instrument D3100 atomic force microscope ͑AFM͒ with a nanoscope IIIA controller operating in air and equipped with the tunneling atomic force microscopy module. SIM measurements were carried out in constant ⌬V mode. The ac bias applied between the tip and the sample was varied in the 1 -10 V peak-to-peak range at 90 kHz with the resonator frequency of 1.0Ϯ 0.1 GHz.
The SIM is an ordinary AFM equipped with a conductive tip and connected to a resonator ͑Fig. 1͒. The collected SIM signal amplitude is related to the sample impedance. The current flowing through the sample, which is collected at the nanometer scale, can be described by
where R, L, C, , and V hf are the characteristics of the resonator circuit, while Z * is the complex impedance and is modeled by an ideal equivalent circuit consisting of resistors and capacitors.
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A SIM map provides simultaneous imaging of both the real and imaginary parts of the complex impedance, as shown by Eq. ͑1͒. In particular, the high resistance at the grain boundaries produces an increase of the real part of the impedance and a decrease in the SIM signal amplitude.
Other workers 12, 13 have shown the presence of a double Schottky barrier at the grain boundaries; however, the depletion region width has not yet been reported. The depletion region width can be estimated from the ceramic microstructure and from assuming a value for the bulk permittivity, since, according to the simple IBLC model, 14 the ceramic permittivity can be expressed as
where * is the measured permittivity, b is the intrinsic bulk permittivity, d is the mean grain dimension, and t is the width of the depleted layer at the grain boundaries. Alternatively, if the depletion layer width can be directly measured, the bulk permittivity, for instance, can be calculated. The experimental value of the permittivity of the CCTO sample used here ͑mean grain size ϳ5 m͒ is about 7000 at 100 kHz. The depletion width at the grain boundaries is directly observed in the SIM image ͓Fig. 2͑b͔͒ and is estimated to be 130Ϯ 20 nm, and thus, the bulk permittivity is calculated to be ϳ160. The value of t is quite different from that of a few nanometers suggested in the literature, 15 however, b is in good agreement with theoretical predictions 16 and direct measurements at low temperature. 6 The dependence of the depleted region width at the grain boundaries upon the application of ac and dc voltages has also been evaluated. No evident variation in SIM images upon changing the longitudinal applied voltage has been observed. Moreover, several tips with different contact areas and made from two different materials, which are Pt and polycrystalline high conductivity diamond, have been used to exclude any possible electrode-related artifacts.
Finally, the influence of grain size on the grain boundary depletion regions has been studied. Figure 2͑a͒ shows an SIM map obtained on a large region of a sample showing a grain size distribution from ϳ1 up to ϳ10 m in diameter. The SIM image shows that the width of the grain boundary depletion regions is almost independent of the grain dimensions. Figure 2͑b͒ shows an SIM high resolution image of a single CCTO grain ϳ6 m wide. At the center of the grain, two regions having different electrical behaviors have been observed: a darker ring surrounds a spot having a lighter contrast that is very similar to the main part of the grain. Figure 2͑c͒ shows the current-voltage ͑I-V͒ characteristics performed by stopping the conductive atomic force microscopy ͑C-AFM͒ tip on both the dark ring ͑blue curve͒ and the light circle ͑red curve͒. The current flowing through the light region is two orders of magnitude higher than that through the dark ring. This indicates that the dark ring possesses a resistance two orders of magnitude higher and this signal is comparable with the resistance shown by the depletion regions at the grain boundaries. Thus, a conductive domain surrounded by insulating blocking areas has been found as a subgrain feature which influences the electrical microstructure of the CCTO ceramics.
Usually, polycrystalline materials can be described as a sequence of parallel ͑RC͒ elements connected in series. In the classic version of the brick-work layer model, one RC element can be related to the grains and another to the grain boundaries for which the impedance can be expressed as
where
where ͑R g , R gb ͒ and ͑C g , C gb ͒ are the resistance and capacitance of the grains and grain boundaries, respectively. The behavior of the simulated circuit is in agreement with the experimental I-V curves reported in Fig. 2͑c͒ . In particular, our experimental I-V data ͓Fig. 2͑c͒ ͑green circle͔͒ 
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represent the I-V inverted characteristics of the tip/CCTO single grain contact when a negative voltage is applied to the tip, and are almost identical both on the conducting and on the insulating regions. By contrast, when a positive voltage is applied to the tip ͓Fig. 2͑c͒ ͑inside the magenta circle͔͒, the collected data can be attributed to the inverted I-V characteristics of the barriers embedded within the CCTO single grain either due to the grain boundary depleted region or to the presence of an insulating precipitate. Consequently, the reported SIM maps are not affected by any superficial contribution or artifacts but by collected local information on the sample volume below the tip. The imaging of insulating regions within conductive grains also reveals compositional inhomogeneity within CCTO ceramics; if similar features exist in single crystals, this may provide a possible further explanation for the observed giant permittivity effect.
In this context, the standard equivalent circuit of two parallel RC elements connected in series ͑R b C b -R gb C gb ͒ needs to be modified by adding a third parallel RC element ͑R d C d ͒ that represents the insulating subgrain feature observed in this study. The complex impedance of this circuit is given by
The results of conventional impedance spectroscopy studies on CCTO ceramics show that C g Ӷ C gb and R g Ӷ R gb . Comparing our SIM and C-AFM data, no difference has been found, thus, indicating that the impedance variation in the domains is basically due to resistance variations. The I-V measurements have shown that R d Ϸ R gb Ͼ ϾR g and it is reasonable to suppose that C d Ϸ C gb Ͼ ϾC g . It is therefore possible to suggest that the presence of R d C d may give rise to a dielectric anomaly in single crystals and may, at least in part, explain the giant permittivity reported for CCTO crystals.
The chemical nature of the insulating domains within the CCTO grains has been evaluated by energy filtered transmission electron microscopy. Figure 3͑a͒ shows a TEM micrograph within a CCTO single grain. A crystalline domain about 200 nm wide is clearly visible. The Ti ͓Fig. 3͑b͔͒, Ca ͓Fig. 3͑c͔͒, and Cu ͓Fig. 3͑d͔͒ elemental maps indicate that the domain is Cu-free and consists of a calcium titanate phase.
Thus, the presence of insulating precipitates may contribute to raising the overall permittivity of CCTO ceramics and provide a possible explanation of the CCTO single crystal response.
In conclusion, SIM has been demonstrated to image the electrical properties of CCTO ceramics with high lateral resolution. This technique allowed the electrical characterization of subgrain microstructural features in addition to the usual grain boundary characterization which can be obtained from conventional techniques, such as impedance spectroscopy. SIM has revealed the presence of depletion regions, which are ϳ130 nm in width, at the grain boundaries which confirms the applicability of an IBLC-type model to explain the electrical properties of CCTO ceramics. The width of the grain boundary depletion regions appears to be independent of the applied voltage and grain dimensions. Energy Filtered ͑EFTEM͒ analysis revealed the presence of subgrain featuresassociated with the insulating secondary phase inclusions, which are observed by SIM within individual grains. The secondary phase can block/restrict conduction within individual grains provided that the current is unable to bypass the second phase and, if present, CCTO crystals can contribute to the high measured permittivities. Finally, the experimental approach presented here could be used to investigate the dielectric properties of a wide class of inhomogeneous materials.
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